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(54) Magnetoresistive device and magnetoresistive head 

(57) The magnetoresistive device of the present 
invention includes: at least two magnetic layers stacked 
via a non-magnetic layer therebetween; and a metal 
reflective layer of conduction electrons formed so as to 
be in contact with at least one of outermost two layers of 
the magnetic layers. The metal reflective layer is in con- 
tact with one surface of the outermost magnetic layer 
which is opposite to the other surface of the outermost 
magnetic layer in contact with the non-magnetic layer. 
The metal reflective layer is likely to reflect conduction 
electrons while maintaining a spin direction of electrons. 
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Description 

BACKGROUND OF THE INVENTION 

5 1 . FIELD OF THE INVENTION: 

The present invention generally relates to a magnetoresistive device and a magnetoresistive head. More particu- 
larly, the present invention relates to a magnetoresistive device in which a magnetoresistance is greatly changed in a 
low magnetic field, and to a magnetoresistive head which is configured using such a magnetoresistive device and is 
to suitable for high-density magnetic recording and reproducing operations. 

2. DESCRIPTION OF THE RELATED ART: 

A magnetoresistive sensor (hereinafter, simply referred to as an "MR sensor") and a magnetoresistive head (nere- 
is inafter, simply referred to as an "MR head") using a magnetoresistive device have been under development. Conven- 
tionally, a permalloy made of Ni 08 Feo.2 and an al,ov film made of Ni o.8 Co o.2 are mainly used as magnetic materials for 
these devices. The ratio of change in magnetoresistance (hereinafter, simply referred to as an "MR ratio") of these mag- 
netoresistive materials is about 2.5%. In order to develop a magnetoresistive device exhibiting a higher sensitivity, a 
magnetoresistive material having a higher MR ratio is required. 
20 It was recently found that [Fe/Cr] and [Co/Ru] multilayers in which an antiferromagnetic coupling is attained via a ( 

metal non-magnetic thin film made of Cr or Ru exhibit a giant magnetoresistance effect in a ferromagnetic field (about 
1 to about 10 kilo-oersteds (kOes)) (Physical Review Letter Vol. 61, p. 2472, 1988: and Physical Review Letter Vol. 64, 
p. 2304, 1990). 

However, since these artificial multilayers require a magnetic field having an intensity of several to several tens of 
25 kOes in order to obtain a large MR change, such artificial multilayers cannot be practically applied to a magnetic head 
and the like. 

In addition, it was also found that an [Ni-Fe/Cu/Co] artificial multilayer using magnetic thin films made of Ni-Fe and 
Co having different coercivities in which they are separated by a metal non-magnetic thin film made of Cu and which 
are not magnetically coupled to each other exhibits a giant magnetoresistance effect, and a magnetoresistive material 
30 which has an MR ratio of about 8% when a magnetic field an intensity of about 0.5 kOe is applied at room temperature 
was obtained (Journal of Physical Society of Japan, Vol. 59, p. 3061, 1990). 

However, in the case of using a magnetoresistive material of such a type, a magnetic field having an intensity of 
about 100 Oes is required for obtaining a large MR change. Moreover, the magnetoresistance thereof asymmetrically 
varies from the negative magnetic field to the positive magnetic field, i.e.. the magnetoresistance thereof exhibits a poor 
35 linearity. Thus, such a magnetoresistive material has characteristics which are not suitable for practical use. 

Moreover, it was also found that [Ni-Fe-Co/Cu/Co] and [Ni-Fe-Co/Cu] artificial multilayers using magnetic thin films 
made of Ni-Fe-Co and Co in which an RKKY-type antiferromagnetic coupling is attained via Cu exhibit a giant magne- 
toresistance effect, and a magnetoresistive material which has an MR ratio of about 1 5% when a magnetic field having 
an intensity of about 0.5 kOe is applied at room temperature was obtained (Technical Report by THE INSTITUTE OF r 
40 ELECTRONICS, INFORMATION AND COMMUNICATION ENGINEERS of Japan, MR91-9). 

However, in the case of using a magnetoresistive material of such a type, the magnetoresistance thereof varies 
substantially linearly from the zero magnetic field to the positive magnetic field and the material has properties which 
are sufficiently suitable for the application to an MR sensor. Nevertheless, in order to obtain a large MR change, a mag- 
netic field having an intensity of about 50 Oes is also required. Thus, such a property is not appropriate for the applica- 
45 tion to an MR head which is required to be operated at most at about 20 Oes and preferably less. 

As a film which can be operated even when a very weak magnetic field is applied, a spin-valve type film in which 
Fe-Mn as an antiferromagnetic material is attached to a structure of Ni-Fe/Cu/Ni-Fe has been proposed (Journal of 
Magnetism and Magnetic Materials 93, p. 101, 1991). The operating magnetic field of a magneto-resistive material of 
this type is actually weak, and a good linearity is observed. However, the MR ratio thereof is as small as about 2%, and 
so the Fe-Mn film has poor corrosion resistance and a low Neel temperature (ordering temperature). Consequently, the 
properties of such a device disadvantageously exhibit a great temperature dependence. 

Furthermore, a spin-valve film having a structure of Ni-Fe/Cu/Co-Pt or the like using a hard magnetic material such 
as Co-Pt instead of an antiferromagnetic material has also been proposed. In such a case, a parallel magnetization 
state and an anti-parallel magnetization state are created by rotating the magnetization direction of a soft magnetic 
55 layer at a coercivity equal to or less than that of a hard magnetic layer. However, even when such a structure is 
employed, it is still difficult to improve the properties of the soft magnetic layer. Thus, this structure has not been used 
practically, either. 

Moreover, a structure such as Cu/Ni-Fe/Cu/Ni-Fe/Fe-Mn formed by attaching a low-resistance back layer, made of 
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a metal having a low resistance, to the back of a spin-valve film has also been proposed as a means for increasing the 
MR ratio of a spin-valve film (United States Patent No. 5,422,571). Such a structure is an attempt to increase the MR 
ratio by lengthening the mean free path of the electrons having a particular spin direction. 

A conventional spin-valve type MR device, no matter whether the device is of the type using an antiferromagnetic 

5 material or of the type using a hard magnetic layer, had a problem in that the MR ratio thereof is low, even though the 
magnetic field sensitivity thereof is excellent. Similarly, the MR ratio cannot be satisfactorily increased even when the 
low-resistance back layer is provided. This is presumably because a small thickness of a spin-valve type MR device is 
likely to cause the diffusive scattering of electrons on the surface of the device. 
Such a phenomenon can be explained in more detail as follows. 

io A giant magnetoresistance effect originally results from the spin-dependent scattering of electrons at an interface 
between a magnetic layer and a non-magnetic layer. Thus, in order to increase the possibility of the scattering genera- 
tion, it is important to lower the possibility of the non-spin-dependent scattering generation and to lengthen the mean 
free path of electrons. In a spin-valve film, the number of magnetic layers and non-magnetic layers to be stacked is 
small. Thus, the film thickness of a spin-valve film is generally smaller (e.g., in the range from about 20 nm to about 50 

is nm) than that of an antiferromagnetic coupling type giant magnetoresistive film. Consequently, the possibility that elec- 
trons are scattered on the surface of such a film is high, and the mean free path of electrons is short. This is the principal 
reason why the MR ratio of a spin-valve film becomes low. 

Ordinarily, the surface of a thin film has some unevenness on the order of several tenths of a nm which is substan- 
tially on the same order of the wavelength of conduction electrons (i.e., a Fermi wavelength). In such a case, the con- 

20 duction electrons are subjected to diffusive scattering on the surface of the film. In general, in the case of a diffusive 
scattering, the spin direction of electrons is not maintained. 

SUMMARY OF THE INVENTION 

25 The magnetoresistive device of the present invention includes: at least two magnetic layers stacked via a non-mag- 
netic layer therebetween; and a metal reflective layer of conduction electrons formed so as to be in contact with at least 
one of outermost two layers of the magnetic layers, the metal reflective layer being in contact with one surface of the 
outermost magnetic layer which is opposite to the other surface of the outermost magnetic layer in contact with the non- 
magnetic layer, the metal reflective layer being likely to reflect conduction electrons while maintaining a spin direction 

30 of electrons. 

In one embodiment, the magnetoresistive device further includes a non-magnetic layer between the metal reflec- 
tive layer and the magnetic layer. 

In another embodiment, the non-magnetic layers are mainly composed of Cu, and the metal reflective layer is 
mainly composed of at least one of Ag, Au, Bi, Sn and Pb. 
35 In still another embodiment, the magnetic layer in contact with the metal reflective layer via the non-magnetic layer 
is mainly composed of a Co-rich Co-Fe alloy. 

In still another embodiment, the magnetic layer includes at least two layers of a magnetic layer and an interface 
magnetic layer which is mainly composed of Co or a Co-rich Co-Fe alloy, the interlace magnetic layer being in contact 
with the metal reflective layer via the non-magnetic layer. 
40 In still another embodiment, the magnetic layer in contact with the metal reflective layer via the non-magnetic layer 
includes at least two interface magnetic layers which sandwich a soft magnetic layer therebetween and are mainly com- 
posed of Co or a Co-rich Co-Fe alloy. 

In still another embodiment, the metal reflective layer has a smooth surface. 

In still another embodiment, at least a part of the surface of the metal reflective layer is smooth on the order of 
45 tenths of a nm. 

In still another embodiment, at least 10% of the surface of the metal reflective layer is a smooth surface having an 
unevenness of about three angstrom or less. 

In still another embodiment, the magnetic layer directly in contact with the metal reflective layer is mainly composed 
of Co or a Co-rich Co-Fe alloy. 

so In still another embodiment, the magnetic layer includes at least two layers of a magnetic layer and an interface 
magnetic layer which is mainly composed of Co or a Co-rich Co-Fe alloy the interface magnetic layer being directly in 
contact with the metal reflective layer. 

In still another embodiment, the magnetic layer directly in contact with the metal reflective layer includes at least 
two interface magnetic layers which sandwich a soft magnetic layer therebetween and are mainly composed of Co or a 

55 Co-rich Co-Fe alloy. 

In still another embodiment, at least one of the at least two magnetic layers has a different coercivity from a coer- 
civity of the other magnetic layer(s) . 

In still another embodiment, the magnetoresistive device includes: a first and a second magnetic layer which are 
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stacked via a non-magnetic layer; an antiferromagnetic layer formed in contact with a surface of the first magnetic layer 
which is opposite to the other surface of the first magnetic layer in contact with the non-magnetic layer; and a metal 
reflective layer formed in contact with a surface of the second magnetic layer which is opposite to the other surface of 
the second magnetic layer in contact with the non-magnetic layer. 
5 In still another embodiment, the antiferromagnetic layer is an oxide. 

In still another embodiment, the antiferromagnetic layer is made of Ni-O. 

In still another embodiment, the antiferromagnetic layer is made of a-Fe 2 0 3 . 

In still another embodiment, the second magnetic layer includes two or more magnetic layers which are stacked via 
a non-magnetic layer. 

10 In still another embodiment, the antiferromagnetic layer is epitaxially grown over a substrate. 

In still another embodiment, the magnetoresistive device includes a structure in which a first magnetic layer, the 
non-magnetic layer, a second magnetic layer, an antiferromagnetic layer and the metal reflective layer are stacked in 
this order. 

In still another embodiment, the magnetoresistive device further includes a non-magnetic layer between the antif- 
15 erromagnetic layer and the metal reflective layer. 

In still another embodiment, the antiferromagnetic layer is made of an Ir-Mn alloy. 

In still another embodiment, the magnetoresistive device includes a structure in which a first antiferromagnetic 
layer, a magnetic layer, a non-magnetic layer, a soft magnetic layer, a non-magnetic layer, a magnetic layer, a second 
antiferromagnetic layer and a metal reflective layer are stacked in this order directly on a substrate or over the substrate 
20 via an underlying layer. 

In still another embodiment, the magnetoresistive device further includes a non-magnetic layer between the second 
antiferromagnetic layer and the metal reflective layer. 

In still another embodiment, the second antiferromagnetic layer is made of an Ir-Mn alloy. 

In still another embodiment, the first antiferromagnetic layer is an oxide. 
25 In still another embodiment, the first antiferromagnetic layer is made of Ni-O. 

In still another embodiment, the soft magnetic layer includes two or more magnetic layers which are stacked via a 
non-magnetic layer. 

In still another embodiment, at least one of the first and the second antiferromagnetic layers are made of an Ir-Mn 
alloy. 

30 In still another embodiment, the first antiferromagnetic layer is made of a-Fe 2 0 3 . 

In still another embodiment, the first antiferromagnetic layer is epitaxially grown over the substrate. 
In still another embodiment, the magnetoresistive device includes a structure in which a metal reflective layer, a first 
antiferromagnetic layer, a magnetic layer, a non-magnetic layer, a soft magnetic layer, a non-magnetic layer, a magnetic 
layer, a second antiferromagnetic layer and a metal reflective layer are stacked in this order directly on a substrate or 
35 over the substrate via an underlying layer. 

In still another embodiment, the magnetoresistive device further includes a non-magnetic layer between the first 
antiferromagnetic layer and the metal reflective layer and/or between the second antiferromagnetic layer and the metal 
reflective layer. 

In still another embodiment, the non-magnetic layer is epitaxially grown over the substrate. 
40 In still another embodiment, a (1 00) plane of the non-magnetic layer is epitaxially grown vertically to a growth direc- 
tion of thin layers. 

In still another embodiment, the non-magnetic layer is epitaxially grown over an MgO (100) substrate via a Pt 
underlying layer. 

The magnetoresistive head of the present invention includes: a magnetoresistive device including at least two mag- 
45 netic layers which are stacked via a non-magnetic layer therebetween, and a metal reflective layer of conduction elec- 
trons formed so as to be in contact with at least one of outermost two layers of the magnetic layers, the metal reflective 
layer being in contact with a surface of the outermost magnetic layer which is opposite to the other surface of the out- 
ermost magnetic layer in contact with the non-magnetic layer, the metal reflective layer being likely to reflect conduction 
electrons while maintaining a spin direction of electrons; and a lead portion for supplying current to the magnetoresis- 
50 tive device. A magnetization easy axis of a magnetic layer having a smallest coercivity of the magneto-resistive device 
or a magnetization easy axis of a magnetic layer not in contact with an antiferromagnetic layer is vertical to a direction 
of a signal magnetic field to be detected. 

Hereinafter, the functions or the effects to be attained by the present invention will be described. 
The magnetoresistive device of the present invention is characterized by including a metal reflective layer, which is 
55 likely to cause a specular scattering while maintaining the spin direction of electrons, on the surface of a spin-valve film. 
The metal reflective layer is required to have a surface which can be regarded as smooth on the order of several 
tenths of a nm. In such a case, conduction electrons generate an elastic scattering (specular scattering) at the surface 
of a film, the spin direction of the conduction electrons is reserved, and the same effects as those attained when the 
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mean free path thereof has become longer can be attained. As a result, the MR ratio is increased. 

The metal reflective layer is preferably made of a material such as Ag, Au, Bi, Sn or Pb. These materials are likely 
to contribute to a smooth surface on the order of several tenths of a nm, unlike the materials such as Ni, Fe, Cu and Co 
which are frequently used for a spin-valve film. Among these materials, Ag and Au are more preferable, and Ag is most 
5 effective. In the case of using Ag or Au, the (1 1 1) plane is more likely to be smooth and it is easier to obtain a surface 
which can be regarded as smooth on the order of several tenths of a nm. Thus, the (111) plane is preferably substan- 
tially parallel to the surface of a substrate. 

More preferably, a non-magnetic layer made of Cu or the like is inserted between the metal reflective layer and (a 
magnetic layer of) the spin-valve film. The non-magnetic layer not only functions as a buffer layer for smoothing the sur- 
to face of the metal reflective layer, but also increases the spin-dependent scattering at the interface between the non- 
magnetic layer and the magnetic layer. 

Moreover, it is also preferable to provide a Co layer between the magnetic layer and the metal ref lective layer. The 
layer is provided for increasing the MR ratio by enhancing the spin-dependent scattering in the interface between the 
magnetic layer and the non-magnetic layer (i.e., the metal reflective layer). 
75 More preferably, the entire spin-valve film is epitaxially grown over a single crystalline substrate. 

Furthermore, the magnetoresistive device of the present invention is preferably configured such that the magneti- 
zation-easy axis of a soft magnetic layer in a magnetoresistive device portion is vertical to the direction of a signal mag- 
netic field to be detected. 

The magnetoresistive head of the present invention is characterized by further including a lead portion, in addition 
20 to the magnetoresistive device. 

Thus, the invention described herein makes possible the advantages of (1) providing a magnetoresistive device 
having a high MR ratio and a magnetoresistive head using the same, (2) providing a spin-valve type magnetoresistive 
device in which electrons have a long mean free path and a magnetoresistive head using the same, and (3) providing 
a spin-valve type magnetoresistive device, in which the possibility of the spin-dependent scattering generation of elec- 
ts trons is high at an interface between a magnetic layer and a non-magnetic layer and a magnetoresistive head using the 
same. 

These and other advantages of the present invention will become apparent to those skilled in the art upon reading 
and understanding the following detailed description with reference to the accompanying figures. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 A to 1C are cross-sectional views showing embodiments of the magnetoresistive device of the present 
invention. 

Figures 2A and 2B are cross-sectional views showing other embodiments of the magnetoresistive device of the 
35 present invention. 

Figure 3 is a cross-sectional view showing still another embodiment of the magnetoresistive device of the present 
invention. 

Figures 4A and 4B are cross-sectional views showing yet other embodiments of the magnetoresistive device of the 
present invention. 

40 Figure 5 is a cross-sectional view showing still another embodiment of the magnetoresistive device of the present 
invention. 

Figure 6 is a cross-sectional view showing an exemplary configuration of the magnetoresistive head of the present 
invention. 

45 DESCRIPTION OF THE PREFERRED EMBODIMENTS 



Hereinafter, the magnetoresistive device and the magnetoresistive head of the present invention will be described 
with reference to the accompanying drawings. 

Figure 1 A through Figure 5 are cross-sectional views showing exemplary embodiments of the magnetoresistive 
so device of the present invention. Among these figures, Figure 1 A through Figure 3 show examples of spin-valve films 
using a hard magnetic layer (i.e., two types of magnetic layers having respectively different coercivities). In this case, a 
magnetic layer having the larger coercivity will be called a "hard magnetic layer" and a magnetic layer having the smaller 
coercivity will be called a "soft magnetic layer". 

A magnetoresistive device of the present invention shown in Figure 1 A has a structure in which a soft magnetic 
55 layer 3, a non-magnetic layer 4. a hard magnetic layer 5 and a metal reflective layer 6 are stacked in this order over a 
substrate 1 via an underlying layer 2. In a conventional spin-valve device, the metal reflective layer 6 is not provided and 
a protective layer is formed instead on the surface thereof. In the case of forming an MR head, an insulating film or the 
like is used as a shield gap material. 
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An Ni-Co-Fe alloy is generally suitable as a material for the soft magnetic layer 3 of the spin-valve film. Preferably, 
the Ni-Co-Fe film is an Ni-rich soft magnetic layer represented as Ni x COyFe 2 having an atomic composition ratio satis- 
fying the following ranges: 

5 0.6 s x < 0.9 

0 < y <, 0.4 
0 < z <c 0.3 

10 

or a Co-rich soft magnetic layer represented as Ni x COy»Fe z - having an atomic composition ratio satisfying the following 
ranges: 

0 <> x' < 0.4 

15 

0.2 £/< 0.95 
0 < z* < 0.5 

20 The films having these compositions exhibit low magnetostriction properties (1 x 10' 5 ) required for an MR sensor or an ( 
MR head. 

Alternatively, the soft magnetic layer 3 may also be an amorphous film made of Co-Mn-B, Co-Fe-B, Co-Nb-Zr, Co- 
Nb-B or the like. 

The film thickness of the soft magnetic layer 3 is preferably in the range from about 1 nm to about 10 nm, both inclu- 
25 sive. The reason is as follows. If the f ilm is too thick, the MR ratio is decreased owing to a shunt effect. On the other 
hand, if the film is too thin, the soft magnetic properties thereof are deteriorated. The thickness is more preferably in the 
range from about 2 nm to about 5 nm. both inclusive, most preferably in the range from about 2 nm to about 3 nm, both 
inclusive. 

The hard magnetic layer 5 is preferably made of a ferromagnetic material having a square ratio of about 0.7 or 
30 more, more preferably about 0.85 or more. Herein, the "square ratio" can be represented as a ratio of a residual mag- 
netic field Mr to a saturated magnetic field Ms (= Mr/Ms). 

If the square ratio of the hard magnetic layer 5 is small, then a totally parallel magnetization state or a totally anti- 
parallel magnetization state cannot be established between the hard magnetic layer 5 and the soft magnetic layer 3. 
Thus, a hard magnetic layer having a large square ratio is desirably used. 
35 Co group materials including Co, Co-Fe alloys and Co-Pt alloys exhibit excellent properties as the materials for the 
hard magnetic layer 5. Co and Co-Fe alloys are particularly preferable. 

The film thickness of the hard magnetic layer 5 is preferably in the range from about 1 nm to about 10 nm, both 
inclusive. The reason is as follows. If the film is too thick, the MR ratio is decreased owing to a shunt effect. On the other 
hand, if the film is too thin, the magnetic properties thereof are deteriorated. The thickness is more preferably in the r \ 
40 range from about 1 nm to about 5 nm, both inclusive. ■• 

Cu. Ag, Au, Ru or the like may be used as a material for the non-magnetic layer 4 between the hard magnetic layer 
5 and the soft magnetic layer 3. Among these materials, Cu is most suitably used. In order to weaken the interaction 
between the two magnetic layers 5 and 3, the film thickness of the non-magnetic layer 4 is required to be at least about 
1 .5 nm or more, desirably about 1 .8 nm or more. However, if the non-magnetic layer 4 becomes too thick, then the MR 
45 ratio thereof is adversely decreased. Thus, the film thickness of the non-magnetic layer 4 should be about 1 0 nm or less, 
desirably about 3 nm or less. 

In addition, it is also effective to insert another non-magnetic layer having a thickness of about 1 nm or less into the 
non-magnetic layer 4, in order to reduce the magnetic coupling between the hard magnetic layer 5 and the soft mag- 
netic layer 3. For example, instead of forming a single-layer non-magnetic layer 4 made of Cu, the non-magnetic layer 
so may have a multi-layer structure such as Cu/Ag/Cu, Cu/Ag and Ag/Cu/Ag. The non-magnetic layer to be inserted is 
preferably made of Ag, Au or the like. In this case, the film thickness of the multi-layer non-magnetic layer 4 is desirably 
approximately equal to that of the single-layer non-magnetic layer 4. The film thickness of a non-magnetic layer to be 
inserted into the non-magnetic layer 4 is at most about 1 nm, desirably about 0.4 nm or less. 

Moreover, it is also effective to insert an interface magnetic layer into the interface between a magnetic layer (i.e., 
55 the soft magnetic layer 3 or the hard magnetic layer 5) and the non-magnetic layer 4, in order to further increase the MR 
ratio. However, if the interface magnetic layer is too thick, then the magnetic field sensitivity of the MR ratio is deterio- 
rated. Thus, the film thickness of the interface magnetic layer is preferably set at about 2 nm or less, desirably about 1 .8 
nm or less. On the other hand, in order to make the interface magnetic layer function effectively, the film thickness 
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thereof is required to be at least about 0.2 nm, desirably about 0.8 nm or more. Co or a Co-rich Co-Fe alloy is desirably 
used as a material for the interface magnetic layer. 

In the case where a polycrystalline film is fabricated, a material having a relatively smooth surface such as glass, 
Si or AI 2 0 3 -TiC is used for the substrate 1, unless an epitaxial film is formed as will be described later. In the case of 

5 fabricating an MR head, an AI 2 0 3 -TiC substrate is used. 

The underlying layer 2 is provided for improving the crystallinity of the overlying MR device portion (ranging from 
the soft magnetic layer 3 to the metal reflective layer 6) and for increasing the MR ratio thereof, and is frequently made 
of Ta. In the case of fabricating an MR head, the underlying layer 2 made of Ta is not formed until an insulating layer 
made of Si0 2 , Al 2 0 3 or the like and a lower shield layer made of Ni-Fe or the like are formed on the substrate 1 . 

io According to the present invention, the metal reflective layer 6 is further formed in addition to the above-described 
basic structure of the spin-valve film including the soft magnetic layer 3, the non-magnetic layer 4 and the hard magnetic 
layer 5, in order to further increase the MR ratio. 

But for the metal reflective layer 6, conduction electrons would be diffusively scattered at the surface of the hard 
magnetic layer 5 so that the information about the spin polarization would be lost. A giant magneto- resistance effect 

75 results from the spin-dependent scattering of the conduction electrons. Thus, if the spin information is lost or reduced 
at the surface, then the MR ratio is decreased. This is why a large MR ratio cannot be obtained in a conventional spin- 
valve film. 

In contrast, in the magnetoresistive device of the present invention including the metal reflective layer 6, a lot of con- 
duction electrons are specularly scattered at the surface of the metal reflective layer 6. Consequently, a larger amount 

20 of spin information is reserved. When the electrons are specularly scattered at the surface of a thin film in this way, the 
same effects as those attained in the case of stacking multiple pairs of magnetic layers and non-magnetic layers can be 
attained. As a result, the MR ratio is increased. 

In order to generate a specular scattering, the surface of a thin film needs to be regarded as a smooth interface 
(surface) when the unevenness of the surface is evaluated with reference to the wavelength of electrons (i.e., on the 

25 order of several angstrom). Herein, the "smooth surface" is ideally a totally smooth surface having no unevenness. How- 
ever, even when a surface has a large unevenness on the order of several nm, the surface is still regarded as "smooth" 
so long as at least a part of the surface can be regarded as smooth on the order of 1 0' 1 nm. Specifically, in the "smooth 
surface", a super-smooth surface region having an unevenness of about 0.3 nm or less and having an area of about 10 
nm x 10 nm is required to occupy at least about 10%, desirably about 20% of the entire surface. For such a purpose, a 

30 particular material is required to be selected. 

Ag, Au, Bi, Sn, Pb or the like is preferred as a material for the metal reflective layer. These materials are likely to 
create a surface which can be regarded as smooth on the order of several tenth of a nm, unlike the materials such as 
Ni, Fe, Cu and Co which are frequently used in a spin-valve film. Among these materials, Ag and Au are superior and 
Ag is most effective. In the case of using Ag or Au, in particular, the (111) plane is more likely to be smooth and a sur- 

35 face which can be regarded as smooth on the order of several tenth of a nm can be easily obtained. Thus, it is desirable 
for the (111) plane to be parallel to the surface of a thin film. If the metal reflective layer is too thick, then the MR ratio is 
decreased owing to a shunt effect. Thus, the thickness of the metal reflective layer is preferably about 10 nm or less, 
more preferably about 3 nm or less. However, if the metal reflective layer is too thin, then the effect thereof is weakened. 
Thus, the thickness of the metal reflective layer is required to be at least about 0.5 nm, desirably about 1 nm or more. 

40 Moreover, if a non-magnetic layer 7 is inserted between the metal reflective layer 6 and the hard magnetic layer 5 
as shown in Figure 1 B, then the MR ratio is further increased. When the magnetic layer 5 is made of a Co group mate- 
rial and the metal reflective layer 6 is made of a material such as Ag, Au or the like, it is particularly effective to insert a 
non-magnetic layer 7 made of Cu or the like therebetween. The non-magnetic layer 7 not only makes the surface of the 
metal reflective layer 6 smoother, but also increases the spin-dependent scattering. This is because the spin-dependent 

45 scattering to be generated at an interface between a magnetic layer and a non-magnetic layer is larger in a Co/Cu inter- 
face than in a Co/Ag interface. In view of this phenomenon, when the magnetic layer 5 is made of a material other than 
Co, a film showing a larger MR ratio can be obtained by inserting a layer made of Co or an interface magnetic layer 
made of Co or a Co-Fe alloy between the non-magnetic layer 7 and the magnetic layer 5. The preferable thickness of 
the interface magnetic layer is equal to that of the interface magnetic layer to be inserted between a magnetic layer (i.e., 

so the soft magnetic layer 3 or the hard magnetic layer 5) and the non-magnetic layer 4. 

The preferable material of the non-magnetic layer 7 is the same as that of the non-magnetic layer 4. The film thick- 
ness of the non-magnetic layer 7 is preferably about 2 nm or less, desirably about 1 nm or less. In order to increase the 
MR ratio, the thickness is required to be at least about 0.5 nm. 

Figure 1 A shows a case where the soft magnetic layer 3, the non-magnetic layer 4, the hard magnetic layer 5 and 

55 the metal reflective layer 6 are formed in this order over the substrate 1 via the underlying layer 2. It is noted that the 
underlying layer 2 is optionally provided for increasing the MR ratio of the magnetoresistive device. Alternatively, the 
present invention is applicable to the case shown in Figure 1 C in which the four layers 3 to 6 are stacked in the inverse 
order to that of the cases shown in Figures 1 A and 1 B. 
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Moreover, instead of providing a single metal reflective layer 6 over either single type of magnetic layer (i.e., the soft 
magnetic layer 3 or the hard magnetic layer 5) as shown in Figures 1 A to 1C and Figure 2A, two metal reflective layers 
6 may be provided over both types of magnetic layers as shown in Figure 2B. In the latter case, the effect of the specular 
scattering of electrons and the effect of the increase in MR ratio are enhanced as compared with the case of providing 

5 a single metal reflective layer on either single type of magnetic layer. 

Figure 3 shows a case where the metal reflective layers 6 are provided on both surfaces of a dual spin-valve film. 
Since the number of magnetic layer/non-magnetic layer interfaces is increased in a so-called dual spin-valve film having 
a structure consisting of a hard magnetic layer 5, a non-magnetic layer 4, a soft magnetic layer 3, a non-magnetic layer 
4 and a hard magnetic layer 5 as compared with a spin-valve film having a simple structure consisting of a hard mag- 

10 netic layer 5, a non-magnetic layer 4 and a soft magnetic layer 3, the MR ratio thereof is also increased. The metal 
reflective layer 6 is also effectively applicable to such a dual spin-valve film. Moreover, in the case of providing a metal 
rellective layer on either one surface, effects can still be attained to a certain degree though the effects are less satis- 
factory. 

The fact that the MR ratio is further increased by inserting a non-magnetic layer between the metal reflective layer 
75 6 and a magnetic layer (i.e., the soft magnetic layer 3 or the hard magnetic layer 5) is true of all the cases shown in Fig- 
ure 1 A through Figure 5. 

The above-described effects can be attained irrespective of whether the magneto-resistive device is a polycrystal- 
line film or a single crystalline film. If the magnetoresistive device is an epitaxial film (or a single crystalline film), a par- 
ticularly remarkable effect can be attained by providing the metal reflective layer 6. This is because the specular 
20 scattering on the surface is enhanced when the metal reflective layer 6 is an epitaxial layer. 

Various methods may be employed for forming an epitaxial layer. In any case, a substrate made of MgO, Si or the 
like is preferably used. More preferably, an MgO (100) substrate or an Si (11 1) substrate is used. 

In the case of using an MgO (100) substrate, a Pt layer is preferably formed as a first underlying layer and then a 
Cu layer is preferably formed as a second underlying layer. The film thickness of the Pt layer is preferably in the range 
25 from about 5 nm to about 50 nm, both inclusive. Thereafter, a device such as that shown in Figure 1 B is formed. In this 
case, if the non-magnetic layer 7 is made of Cu and the metal reflective layer 6 is made of Ag. the lattice constants of 
these layers are greatly different from each other. Consequently, a minor part of the Ag layer has the (100) orientation, 
but a major part thereof has the (1 1 1 ) orientation which is more likely to realize a lattice matching. The Ag layer has a 
highly smooth surface, in which the specular scattering is easily caused and which greatly increases the MR ratio 
30 advantageously. 

In the case of using an Si (11 1) substrate, an Ag layer is directly formed on the substrate without providing any 
underlying layer, and then a non-magnetic layer made of Cu, a soft magnetic layer made of Ni-Fe, a non-magnetic layer 
made of Cu, a hard magnetic layer made of Co, a non-magnetic layer made of Cu and a metal reflective layer made of 
Ag are sequentially stacked thereon. In this case, the film thickness of the Ag layer on the substrate is required to be at 

35 least about 5 nm and at most about 1 0 nm. 

In the foregoing description, the present invention has been described as being applied to a case of using a metal 
reflective layer for a spin-valve film including a hard magnetic layer. Alternatively, the present invention is also applicable 
to a spin-valve film including an antiferromagnetic layer. In such a case, the magnetization direction of a magnetic layer 
in contact with the antiferromagnetic layer is fixed. On the other hand, the magnetization direction of a magnetic layer 

40 not in contact with the antiferromagnetic layer is changed upon the application of an external magnetic field so that the 
magnetoresistance thereof is changed. Thus, in order to increase the magnetic field sensitivity with respect to the exter- 
nal magnetic field, a soft magnetic layer is used as the magnetic layer not in contact with the antiferromagnetic layer. 
Figures 4A and 4B and Figure 5 show exemplary cases. 

Figure 4A shows a structure in which a metal reflective layer 6, a soft magnetic layer 3, a non-magnetic layer 4, a 

45 magnetic layer 8 and an antiferromagnetic layer 9 are stacked in this order over the substrate 1 via the underlying layer 
2. In a conventional spin-valve film, the metal reflective layer 6 shown in Figure 4A is not provided. The metal reflective 
layer 6 advantageously increases the MR ratio of the spin-valve film totally in the same way as the spin-valve film using 
a hard magnetic layer. Thus, the preferable thickness and the preferable material of the metal reflective layer are the 
same as those described above. Also, in the same way as in the spin-valve film using a hard magnetic layer, it is effec- 

50 tive to insert a non-magnetic layer between the metal reflective layer 6 and the soft magnetic layer 3. Figure 4A shows 
a case where the stacking of the structure is begun with the metal reflective layer 6. Conversely, the stacking of the 
structure may be performed in the order of the antiferromagnetic layer 9, the magnetic layer 8, the non-magnetic layer 
4, the soft magnetic layer 3 and the metal reflective layer 6 as shown in Figure 4B. 

Fe-Mn, Ni-Mn, Pd-Mn, Pt-Mn, Ir-Mn, Fe-lr and the like may be used as the materials for the metal antiferromagnetic 

55 layer 9. Among these materials, Fe-Mn has been used most frequently in a conventional spin-valve film. However, this 
material poses some problems in practical use in view of the corrosion resistance and the like of the material. In respect 
of the corrosion resistance, materials such as Ir-Mn are particularly preferable. The appropriate atomic composition 
ratio of an lr 2 Mn-,_ 2 is: 0.1 < z < 0.5. 
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Alternatively, various oxides such as Ni-O, Co-O, Ni-O/Co-O, Co-Ni-0 and Fe-0 are usable as the materials for the 
antiferromagnetic layer 9. Among these oxides, Ni-O and a-Fe 2 0 3 are particularly preferable. Such insulators may real- 
ize an even larger MR ratio if the insulation properties thereof are utilized well. In addition, in the case of using the mag- 
netoresistive device for an MR head, the antiferromagnetic layer 9 may be used as a part of a shield gap member. When 

5 the antiferromagnetic layer 9 is made of a-Fe 2 0 3 . the a-Fe20 3 film can be epitaxially grown over a substrate if a sap- 
phire (11-20) substrate (a so-called A plane) is used as the substrate 1. If an Ni-Fe alloy layer or the like is further 
formed thereon, then it is possible to apply a uniaxial anisotropy to the [0001] direction within the film plane. Conse- 
quently, a sample showing a large MR ratio can be produced. 

Figure 4A shows a case where the metal reflective layer is provided on the soft magnetic layer of the spin-valve film 

w having a structure of a soft magnetic layer, a non-magnetic layer, a magnetic layer and an antiferromagnetic layer. Alter- 
natively, the metal reflective layer may be provided on the antiferromagnetic layer. In such a case, a metal antiferromag- 
netic material having a conductivity is required to be used for the antiferromagnetic layer, and the film thickness of the 
antiferromagnetic layer is preferably as small as possible. From this point of view, a material such as Ir-Mn is suitably 
used as the antiferromagnetic material. The f flm thickness of the antiferromagnetic layer is preferably in the range from 

is about 5 nm to about 1 0 nm, both inclusive. 

As a material for the magnetic layer 8, Co, Ni-Fe, Ni-Fe-Co or the like is particularly preferable. 
A dual spin-valve structure including a first antiferromagnetic layer 9-1 , a magnetic layer 8, a non-magnetic layer 4, 
a soft magnetic layer 3, a non-magnetic layer 4, a magnetic layer 8 and a second antiferromagnetic layer 9-2 is also 
applicable to the spin-valve film using an antiferromagnetic layer, in the same way as the spin-valve film using a hard 

20 magnetic layer. In such a case, if a metal reflective layer is provided on the surface of at least one antiferromagnetic 
layer as shown in Figure 5, then the MR ratio can be advantageously increased. In such a case, the antiferromagnetic 
layer (e.g., 9-2 in Figure 5) in contact with the metal reflective layer 6 is preferably made of a metal antiferromagnetic 
material such as Ir-Mn. On the other hand, the antiferromagnetic layer (e.g., 9-1 in Figure 5) not in contact with the metal 
reflective layer is suitably made of an insulating antiferromagnetic material, e.g., an oxide such as Ni-O. In such a case, 

25 if a non-magnetic layer is provided between the metal reflective layer and the antiferromagnetic layer, then the non-mag- 
netic layer further increases the MR ratio advantageously. 

Each of the above-described layers 2 to 8 and the substrate 1 may be formed by a sputtering method or an evap- 
oration method. In either case, the magnetoresistive device of the present invention can be fabricated. Various sputter- 
ing techniques including a DC sputtering, an RF sputtering and an ion beam sputtering are applicable. In any of these 

30 techniques, the magnetoresistive device of the present invention can be fabricated. On the other hand, in the case of 
using an evaporation method, a ultrahigh vacuum evaporation technique is particularly preferable. 

A magnetoresistive head (hereinafter, simply referred to as an "MR head") can be formed by using the above- 
described magnetoresistive device of the present invention. An exemplary structure of an MR head of a hard film bias- 
ing type is shown in Figure 6. As shown in Figure 6, an MR device portion 20 is formed so as to be interposed between 

35 an upper shield gap 14 and a lower shield gap 1 1 . Insulating films made of Al 2 0 3 , Si0 2 or the like are usable as the 
shield gaps 11 and 14. A pair of shields 10 and 15 are further formed on the outer side of the lower shield gap 11 and 
on the outer side of the upper shield gap 14, respectively. Soft magnetic layers made of an Ni-Fe alloy or the like are 
used as the shields 10 and 15. In order to control the magnetic domain of the MR device portion 20, hard biasing por- 
tions 12 applying a biasing magnetic field are formed of a hard film made of a Co-Pt alloy or the like. Herein, a hard film 

40 is assumed to be used for applying a biasing magnetic field. Alternatively, an antiferromagnetic material such as Fe-Mn 
may also be used. The MR device portion 20 is electrically insulated from the shields 10 and 15 via the shield gaps 11 
and 14, respectively. By supplying current through lead portions 13, the resistance change in the MR device portion 20 
can be detected. 

In order to realize a ultrahigh density for a hard disk drive in the near future, the recording wavelength of the MR 
45 device 20 is required to be shortened. Thus/the distance d between the shields 1 0 and 1 5 shown in Figure 6 is required 
to be reduced, which in turn requires the reduction in thickness of the MR device portion 20 as is clear from Figure 6. 
The thickness of the MR device portion 20 is preferably at most about 20 nm. 

In addition, in order to prevent a Barkhausen noise from being generated when the magnetization direction of a soft 
magnetic layer is inverted, the MR device 20 shown in Figure 6 is preferably configured such that the direction of the 
so magnetization easy axis of the soft magnetic layer 3 shown in Figure 1 A through Figure 5 is vertical to the direction of 
a signal magnetic field to be detected. 

Hereinafter, specific examples of the magnetoresistive device and the magnetoresistive head of the present inven- 
tion will be described. 

55 EXAMPLE 1 

Spin-valve devices of the types shown in Figures 1 A to 1 C using a hard magnetic layer were fabricated by using an 
MgO (100) single crystalline substrate as the substrate 1 in accordance with a ultrahigh vacuum evaporation method, 
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and the MR properties thereof were evaluated. An Ni 0 8 Fe 0 2 alloy (where the composition is represented by an atomic 
composition ratio) was used for the soft magnetic layer 3, Co was used for the hard magnetic layer 5, Cu was used for 
the non-magnetic layer 4, and Ag or Au was used for the metal reflective layer 6. An electron beam evaporation source 
was used as an evaporation source for depositing Ni-Fe, Co and Pt and a K ceil was used as an evaporation source for 
5 Cu, Ag and Au. 

First, the temperature of the MgO substrate 1 was held at about 500°C within a ultrahigh vacuum evaporation appa- 
ratus, thereby epitaxially growing a Pt film as a first underlying layer to be about 10 nm thick on the substrate. Then, 
after the temperature of the substrate 1 had been lowered to room temperature, a Cu layer was formed as a second 
underlying layer to be about 5 nm thick. After the surface condition of the sample was improved by heating the sample 
10 at about 200°C for about 30 minutes, spin-valve films shown in the following Table 1-1 were formed at room tempera- 
ture. 

The heat treatment conducted at about 200°C after the Cu underlying layer had been formed was of significance 
for obtaining a smooth surface. This is because the MR ratio was small when a spin-valve device was formed on an 
underlying layer which had not been subjected to the heat treatment It is noted that, in Table 1 -1 , the underlying portion 
75 including MgO/Pt(10 nm)/Cu(5 nm) is omitted from all the spin-valve films. 



[Table 1-1] 



No. 


Structure of Sample 


MR Ratio 


A1 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm) 


2.8% 


A2 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Ag(2nm) 


3.9% 


A3 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Cu(1 .2nm) 


2.4% 


A4 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Cu(1 .2nm)/Ag(2nm) 


5.1% 


A5 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Cu(1 .2nm)/Pt(2nm) 


1.9% 


A6 


Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Cu(1 .2nm)/Au(2nm) 


4.7% 



30 

According to in -situ-monitored RHEED (reflection high energy electron diffraction) patterns, the (100) plane was 
grown in the direction parallel to the surface of the substrate (or the surface of the film) for Ni-Fe, Cu, Co and Pt, while 
the (1 1 1 ) plane was mainly grown in the direction parallel to the surface of the films for Ag and Au, in all of the samples 
A1 to A6. 

35 The surface of the fabricated devices was observed by a scanning tunneling microscope (STM). As a result, in the 
sample A4, parts where a highly flat surface having an unevenness on the order of about 0.2 nm was formed within a 
vision of about 10 x 10 nm occupies 50% or more of the entire surface. On the other hand, the surface roughness of 
the device observed in a similar manner was about 0.7 nm for the sample A3 and about 0.3 nm for the sample A2. 
The properties of the devices thus fabricated were evaluated in accordance with a direct current four terminal 

40 method by applying an external magnetic field having an intensity of about 500 Oe (40 kA/m) at room temperature. The 
evaluation results are also shown in Table 1 -1 . As can be seen from Table 1 -1 , the MR ratio of a conventional example 
having a simple spin-valve structure (i.e., the sample A1) is low. On the other hand, the MR ratio of an example of the 
present invention (i.e., the sample A2) having a structure shown in Figure 1 A, in which an Ag layer is additionally pro- 
vided as a metal reflective layer for the structure of the sample A1 , is increased by about 1%. However, even if the metal 

45 reflective layer made of Ag is replaced by a layer made of Cu or the like as in a comparative example (i.e., the sample 
A3), the MR ratio is decreased to the contrary, as compared with the conventional example (i.e., the sample A1). 

However, if an Ag layer is additionally provided on the Cu layer of the structure of the sample A3 as shown in Figure 
1 B, then the MR ratio of such an example (i.e., the sample A4) is even larger than that of the sample A2. Even if an Au 
layer is formed instead of the Ag layer of the sample A4, substantially the same effects as those attained by the sample 

so A4 can be attained and the MR ratio of such an example (i.e., the sample A6) is also high. Nevertheless, if Pt is used 
instead of Ag, the MR ratio of such a comparative example (i.e., the sample A5) is low. 

In the foregoing example, a soft magnetic layer is formed prior to the formation of a hard magnetic layer. However, 
the same effects are also attained even when the hard magnetic layer is formed prior to the formation of the soft mag- 
netic layer as shown in Figure 1C. The results of such a case are shown in the following Table 1 -2. It is noted that, in 

55 Table 1 -2, the underlying portion including MgO/Pt(10 nm)/Cu(5 nm) is also omitted from all the spin-valve films, in the 
same way as in Table 1 -1 . 



10 



EP0 845 820 A2 



[Table 1-2] 



No. 


Structure of Sample 


MR Ratio 


A7 


Co(3nm)/Cu(2.1 nm)/Ni-Fe(3nm) 


3% 


A8 


Ag(2nm)/Co(3nm)/Cu(2.1nm)/Ni-Fe(3nm) 


4.5% 


A9 


Ag(2nm)/Cu(1 nm)/Co(3nm)/Cu(2.1 nm)/Ni-Fe(3nm) 


5.5% 



As can be seen from Table 1-2, the MR ratios of the examples of the present invention (i.e.. the samples A8 and A9) in 
which the hard magnetic layer is provided to be closer to the substrate are larger than that of a conventional spin-valve 
film (i.e., the sample A7). 

In the foregoing example, a metal reflective layer is assumed to be provided on the hard magnetic layer. However, 
is the same effects can be attained when the metal reflective layer is provided on the soft magnetic layer, as shown in Fig- 
ure 2A. The spin-valve devices shown in the following Table 1-3 were fabricated and the MR properties thereof were 
evaluated in the same way as in Tables 1-1 and 1-2. 



[Table 1-3] 



No. 


Structure of Sample 


MR Ratio 


A10 


Co(5nm)/Cu(2.1 nm)/Ni-Fe(5nm) 


4.0% 


A11 


Co(5nm)/Cu(2.1 nm)/Ni-Fe(5nm)/Ag(3nm) 


5.6% 


A12 


Co(5nm)/Cu(2.1 nm)/Ni-Fe(5nm)/Cu(1 .2nm) 


3.2% 


A13 


Co(5nm)/Cu(2.1 nm)/Ni-Fe(5nm)/Cu(1 .2nm)/Ag(3nm) 


7.1% 



As is clear from the results shown in Table 1 -3, the MR ratios of the examples of the present invention (i.e., the samples 
A1 1 and A13) are higher than those of the conventional examples (i.e., samples A1 0 and A1 2). 

In Table 1 -3, the stacking of a structure is assumed to be begun with the hard magnetic layer. Even when the stack- 
ing of a structure was begun with the soft magnetic layer, the samples were fabricated and the MR properties thereof 
were evaluated in the same way. The results are shown in the following Table 1 -4. 



[Table 1-4] 



No. 


Structure of Sample 


MR Ratio 


A14 


Ni-Fe(5nm)/Cu(2. 1 nm)/Co(5nm) 


4.2% 


A15 


Ag(1 nm)/Ni-Fe(5nm)/Cu(2. 1 nm)/Co(5nm) 


5.5% 


A16 


Cu(1 nm)/Ni-Fe(5nm)/Cu(2. 1 nm)/Co(5nm) 


3.3% 


A17 


Ag(1 nm)/Cu(1 nm)/Ni-Fe(5nm)/Cu(2.1 nm)/Co(5nm) 


6.2% 



As is clear from the results shown in Table 1 -4, the MR ratios of the examples of the present invention (i.e., the samples 
A15 and A17) are higher than those of the conventional examples (i.e.; the samples A14 and A16). 

Next, dual spin-valve films of the type shown in Figure 3 were formed after the underlying layers had been formed 
so in the same way as in the case of Table 1-1. The structures of the samples and the measurement results of the MR 
ratios thereof are shown in the following Table 1-5. 



[Table 1-5] 



No. 


Structure of Sample 


MR Ratio 


A18 


Co(3nm)/Cu(2.1nm)/Ni-Fe(3nm)/Cu(2.1nm)/Co(3nm) 


6.2% 
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[Table 1-5] (continued) 



No. 


Structure of Sample 


MR Ratio 


AT 9 


Ag(1 nm)/Co(3nm)/Cu(2.1 nm)/Ni-Fe(3nm)/Cu(2. 1 nm)/Co(3nm)/Ag(1 nm) 


8.3% 


A20 


Ag(1nm)/Cu(1nm)/Co(3nm)/Cu(2.1nm)/Ni-Fe(3nm)/Cu(2.1nm (1nm) 


10.1% 



As is clear from the results shown in Table 1-5, the MR ratios of the examples of the spin-valve device of the present 
invention (i.e., the samples A19 and A20) are higher than that of the conventional example (i.e.. the samples A18). 

10 

EXAMPLE 2 

Spin-valve devices of the type shown in Figure 2B having a fundamental structure of Ni-Fe/Cu/Co were fabricated 
by using an Si (1 11) single crystalline substrate in accordance with a ultrahigh vacuum evaporation method. First, the 

75 Si substrate was immersed in an aqueous solution of HF, a naturally oxidized layer on the surface thereof was removed 
and then the substrate was installed into a ultrahigh vacuum evaporation apparatus. The respective thin films were 
formed in conformity with the method described in Example 1 . above. 

Specifically, an Ag layer was ep'rtaxially grown as a metal reflective layer to be about 7 nm thick on the Si substrate. 
Then, the temperature of the substrate was held at about 100°C for about 20 minutes. Thereafter, the temperature of 

20 the substrate was lowered to room temperature, and a Cu layer was formed as a non-magnetic layer to be about 5 nm 
thick. Subsequently, the.substrate was heated again to about 200°C and. the temperature was held for about 20 min- 
utes. 

The heat treatment conducted after the Ag layer and the Cu layer had been formed was of great significance for 
obtaining a smooth surface. Thereafter, the temperature of the substrate was lowered to room temperature and then a 
25 structure of Ni-Fe/Cu/Co/Cu/Ag was formed. 

The structures of the spin-valve films thus fabricated and the MR ratios thereof measured in the same way as in the 
first example are shown in the following Table 2. It is noted that, in Table 2, the common underlying portion including 
Si/Ag(7 nm)/Cu(5 nm) is omitted from all the spin-valve films. 



[Table 2] 



No. 


Structure of Sample 


MR Ratio 


B1 


Ni-Fe(2nm)/Cu(3nm)/Co(2nm) 


3.4% 


B2 


Ni-Fe(2nm)/Cu(3nm)/Co(2nm)/Ag(5nm) 


5.2% 


B3 


Ni-Fe(2nm)/Cu(3nm)/Co(2nm)/Cu(0.5nm)/Ag(5nm) 


6.1% 


B4 


Ni-Fe(2nm)/Cu(3nm)/Co(2nm)/Cu(0.5nm)/Au(5nm) 


5.8% 



40 

In Table 2, the MR ratio of the example (i.e., the sample B1) is an ordinary one because the underlying layer thereof is 
a metal reflective layer. However, when metal reflective layers were formed on both surfaces of a spin-valve film as in 
the example (i.e.. the sample B2) shown in Figure 2B, the MR ratio was increased. If a Cu layer is inserted as a non- 
magnetic layer between the magnetic layer made of Co and the metal reflective layer made of Ag, then the MR ratio is 
45 further increased (i.e., the sample B3). It is noted that metal reflective layers made of different materials or of different 
thicknesses may be formed on the respective surfaces of the spin-valve film. For example, as in the sample B4, one of 
the metal reflective layers may be an Ag layer epitaxially grown on the Si substrate, while the other metal reflective layer 
may be an Au layer. 

so EXAMPLE 3 

Magnetoresistive devices of the type shown in Figure 4A were fabricated on a water cooled glass substrate via a 
Ta underlying layer having a thickness of about 3 nm by the use of an RF magnetron sputtering apparatus using a hexad 
target. Various types of devices were fabricated by changing the composition of the metal reflective layer shown in Fig- 
55 ure 4A in various manners and the MR ratios thereof were measured by the same method as that of the first example. 
The results are shown in the following Table 3 (where the composition of each alloy is represented by the atomic com- 
position ratio of the target). 
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[Table 3] 



No. 


Structure of Sample 


MR Ratio 


C1 


Nio.8Co 0 jFeo.n(5nm)/Cu(2nm)/Co(2nm)/Ir 0 2 Mn 0 8 (8nm) 


4.0% 


C2 


Cu(1nm)/Ni 0 . 8 Co 0 .iFe 0 ^ (5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 0 8 (8nm) 


3.3% 


C3 


Ag( 1 nm)/Ni 0 8 Co 0 . 1 Fe 0 .i (5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 0 8 (8nm) 


5.2% 


C4 


Ag(1 nm)/Cu(1 nm)/Ni 0 8 Co 0 .i Fe 0 -j (5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 0 8 (8nm) 


6.1% 


C5 


Au(1 nm)/Cu(1 nm)/Ni 0 . 8 Co 0 .i Fe 0 .i (5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 08 (8nm) 


5.8% 


C6 


Bi(1nm)/Cu(1nm)/Ni 0 8 COo.iFe 0 .i(5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 0 8 (8nm) 


5.1% 


C7 


Sn(1 nm)/Cu(1 nm)/Ni 0 . 8 Co 0 .i Fe 0 .i (5nm)/Cu(2nm)/Co(2nm)/lr 0 2 Mn 0 8 (8nm) 


4.8% 


C8 


Pb(1nm)/Cu(1nm)/Ni 0 . 8 Coo.iFe 0 .i(5nm 


5.2% 



As can be understood from Table 3, the MR ratios of the examples of the spin-valve device of the present invention 
(i.e., the samples C3 to C8) using a metal reflective layer are higher than those of the conventional examples (i.e., the 

20 samples C1 and C2). Au, Ag, Bi, Sn or Pb is appropriate as a material for the metal reflective layer. Among these mate- 
rials, Au and Ag are particularly preferable and Ag is most preferable. 

Next, MR heads of the type shown in Figure 6 were formed by using the samples C3 and C4 of the present inven- 
tion and the conventional sample C1 as the MR device portion 20 and the properties of the MR heads were evaluated. 
In this case, the substrate was made of AI 2 0 3 -TiC, the lower and the upper shields 10 and 15 were made of an 

25 Ni 0 8 Fe 0<2 alloy, the lower and the upper shield gaps 11 and 14 were made of Al 2 0 3 , the hard biasing portion 12 was 
made of a Co-Pt alloy and the lead portion 1 3 was made of Au. In addition, an anisotropy was determined such that the 
direction of the magnetization easy axis of the soft magnetic layer and that of the magnetization easy axis of a magnetic 
layer which had received an exchange anisotropy from the antiferromagnetic layer respectively became vertical and 
parallel to the direction of the signal magnetic field to be detected. 

30 In this method, when a magnetic layer was deposited, a magnetic field was applied by a permanent magnet to the 
direction within the film to which an anisotropy was desirably applied. When the outputs of these MR heads were meas- 
ured by applying an AC signal magnetic field of about 200 e to these heads, the outputs of the MR heads of the present 
invention (i.e., the samples C3 and C4) were higher than that of a conventional MR head using the sample C1 by about 
30% and about 60%, respectively. 

35 

EXAMPLE 4 

Magnetoresistive devices of the type shown in Figure 4B were fabricated on a water cooled glass substrate by the 
use of an RF magnetron sputtering apparatus using a hexad target in the same way as in the third example. The MR 
40 ratios thereof were measured by the same method as that of the first example. The results are shown in the following 
Table 4-1 (where the composition of each alloy is represented by the atomic composition ratio of the target). 



[Table 4-1] 



No. 


Structure of Sample 


MR Ratio 


D1 


NiO(50nm)/Ni 0 3 Co 0 6 Fe 0 ,i(5nm)/Cu(2nm)/Ni 03 Coo.6Feo.i(5nm) 


4.0% 


D2 


NiO(50nm)/Nio. 3 Co 0 .6Fe 0 .i(5nm)/Cu(2nm)/Ni 03 Coo.6Feo.i(5nm)/Ag(3nm) 


5.5% 


D3 


NiO(50nm)/Ni 0 . 3 Co 0 .6 F eo.i (5nm)/Cu(2nm)/Ni 0 .sCoo^Feo^ (5nm)/Cu(1 nm) 


3.3% 


D4 


NiO(50nm)/Ni 0 3 Co 0 6 Fe ai (5nm)/Cu(2nm)/Ni 03 Co 0 6 Fe 01 (5nm)/Cu(1nm)/Ag(3 


6.3% 



As can be understood from Table 4-1 , the MR ratios of the examples of the spin-valve device of the present inven- 
55 tion (i.e., the samples D2 and D4) using a metal reflective layer are higher than those of the conventional examples of 
the spin-valve f ilm (i.e., the samples D1 and D3). 

Next, the spin-valve films of the type including a metal reflective layer on the antiferromagnetic layer were fabricated 
in totally the same way as the samples shown in Table 4-1 . 
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[Table 4-2] 



No. 


Structure of Sample 


MR Ratio 


D5 


Ni 0>8 Feo2(5nm)/Cu(2.5nm)/Co(2nm)/lr 0 2 Mno 8 (8nm) 


3.3% 


D6 


Nio.8 F eo2(5nm)/Cu(2.5nm)/Co(2nm)/lro.2Mno >8 (8nm)/Ag(1nm) 


4.0% 


D7 


Nio. 8 Feo2(5nm)/Cu(2.5nm)/Co(2nm)/lro.2Mno.8(8nm)/Cu(1 nm) 


2.4% 


D8 


Ni 0 8 Fe 05 (5nm)/Cu(2.5nm)/Co(2nm)/lr 0 2 Mno 8 (8nm)/Cu(1 nm)/Ag(1 nm) 


4.8% 



As can be understood from Table 4-2, the MR ratios of the examples of the spin-valve device of the present inven- 
tion (i.e., the samples D6 and D8) using a metal reflective layer are higher than those of the conventional examples of 

75 the spin-valve film (i.e., the samples D5 and D7). 

Next, MR heads of the type shown in Figure 6 were formed by using the samples D2 and D4 of the present inven- 
tion and the conventional sample D1 as the MR device portion 20 and the properties of the MR heads were evaluated. 
In this case, the substrate was made of AI 2 0 3 -TiC, the lower and the upper shields 10 and 15 were made of an 
Ni 08 Fe 02 alloy, an NiO film (about 50 nm) as an insulating film was used in common for the lower shield gap 11 with 

20 the device portion, the upper shield gap 14 was made of Al 2 0 3 , the hard biasing portion 12 was made of a Co-Pt alloy 
and the lead portion 13 was made of Au. In addition, an anisotropy was determined such that the direction of the mag- 
netization-easy axis of the soft magnetic layer and that of the magnetization- easy axis of a magnetic layer which had 
received an exchange anisotropy from the antiferromagnetic layer respectively became vertical and parallel to the direc- 
tion of the signal magnetic field to be detected. 

25 In this method, when a magnetic layer was deposited, a magnetic field was applied by a permanent magnet to the 
direction within the film to which an anisotropy was desirably applied. When the outputs of these MR heads were meas- 
ured by applying an AC signal magnetic field of about 200 e to these heads, the outputs of the MR heads of the present 
invention (i.e., the samples D2 and D4) were higher than that of a conventional MR head using the sample D1 by about 
35% and about 50%, respectively. 

30 

EXAMPLE 5 

Magnetoresistive devices of the type shown in Figure 5 were fabricated on a water cooled glass substrate by the 
use of an RF magnetron sputtering apparatus using a hexad target. The MR ratios thereof were measured by the same 
35 method as that of Example 1. The results are shown in the following Table 5 (where the composition of each alloy is 
represented by the atomic composition ratio of the target). 



[Table 5] 



40 


No. 


Structure of Sample 


MR Ratio 




E1 


NiO(50nm)/Ni 0 . 8 Feo.2(5nm)/Cu(2nm)/Ni 08 Feo.2(5nm)/Cu(2nm)/Ni 08 Fe a2 (5nm)/ 
lr 0 . 2 Mn 0 . 8 (8nm) 


6% 


45 


E2 


NiO(50nm)/Ni 0 8 Feo. 2 (5nrn)/Cu(2nm)/Ni 0 8 Fe 0 . 2 (5nm)/Cu(2nm)/Ni 0 8 Fe 0 . 2 (5nm)/ 
lr 0 2 Mn 0 8 (8nm)/Ag(3nm) 


8.3% 




E3 


NiO(50nm)/Ni 0 8 Feo.2(5nm)/Cu(2nm)/Nio. 8 Feo.2(5nm)/Cu(2nm)/Ni 0 8 Fe 0 . 2 (5nm)/ 
lr 0 .2Mn 0 . 8 (8nmj/Cu(i nm) 


4.4% 


50 


E4 


NiO(50nm)/Ni 0 8 Fe 0 . 2 (5nm)/Cu(2nm)/Ni 0 8 Fe 0 . 2 (5nm)/Cu(2nm)/Ni 0 8 Fe 02 (5nm)/ 
lr 0 2 Mn 0 8 (8nm)/Cu(1 nm)/Ag(3nm) 


9.9% 



As can be understood from Table 5, the MR ratios of the examples of the spin-valve device of the present invention 
(i.e., the samples E2 and E4) using a metal reflective layer are higher than those of the conventional examples of the 
55 spin-valve film (i.e., the samples E1 and E3). 

Next, MR heads of the type shown in Figure 6 were formed by using the samples E2 and E4 of the present invention 
and the conventional sample E1 as the MR device portion 20 and the properties of the MR heads were evaluated. In 
this case, the substrate was made of AI 2 0 3 -TiC, the lower and the upper shields 10 and 15 were made of an Ni 0 8 Feo 2 
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alloy, an NiO film (about 50 nm) as an insulating film was used in common for the lower shield gap 11 with the device 
portion, the upper shield gap 14 was made of Al 2 0 3 , the hard biasing portion 1 2 was made of a Co-Pt alloy and the lead 
portion 1 3 was made of Au. In addition, an anisotropy was determined such that the direction of the magnetization-easy 
axis of the soft magnetic layer and that of the magnetization-easy axis of a magnetic layer which had received an 

5 exchange anisotropy from the antHerromagnetic layer respectively became vertical and parallel to the direction of the 
signal magnetic field to be detected. 

In this method, when a magnetic layer was deposited, a magnetic field was applied by a permanent magnet to the 
direction within the film to which an anisotropy was desirably applied. When the outputs of these MR heads were meas- 
ured by applying an AC signal magnetic field of about 200 e to these heads, the outputs of the MR heads of the present 

10 invention (i.e., the samples E2 and E4) were higher than that of the conventional MR head using the sample E1 by 
about 40% and about 80%, respectively. 

EXAMPLE 6 

15 Magnetoresistive devices of the type shown in the following Table 6 were fabricated on a water cooled glass sub- 
strate by the use of an RF magnetron sputtering apparatus using a hexad target. The MR ratios thereof were measured 
by the same method as that of Example 1 . The results are shown in Table 6 (where the composition of each alloy is 
represented by the atomic composition ratio of the target). 

so 

[Table 6] 



No. 


Structure of Sample 


MR 
Ratio 


Fl 


lr 0 2 Mn 0 8 (8nm)/Ni 0 .8Fe 0 .2(5nm)/Cu(2nm)/Ni 0 8 Fe 0 .2(5nm)/Cu(2nm)/ 
Nio.8 F eo.2(5nm)/lr 0 .2 Mn 0 8 (8nm) 


4.5% 


F2 


Ag(3nm)/lr 0 2 Mn 0 8 (8nm)/Ni 0 B Fe 0 .2(5nm)/Cu(2nm)/Ni 0 8 Fe 0 .2(5nm)/ 
Cu(2nm)/Ni 08 Feo.2(5nm)/lro. 2 Mno. 8 (8nm)/Ag(3nm) 


5.5% 


F3 


Cu(1nm)/lr 0 2 Mno. 8 (8nm)/Ni 0 .8peo.2( 5nm y c, J(2nm)/Ni 0 8 Feo2(5nm)/ 
Cu(2nm)/Ni 0 8 Feo.2(5nm)/lr 0 . 2 Mn 0 . 8 (8nm)/Cu(1 nm) 


3.9% 


F4 


Ag(3nm)/Cu(1nm)/lr 0 2 Mn 0 8 (8nm)/Ni 0 8 Feo.2(5nm)/Cu(2nm)/Nio. 8 Fe 0 .2(5nm)/ 
Cu(2nm)/Ni 0 . 8 Fe 0 . 2 (5nm)/lr 0 2 Mn 0 8 (8nm)/Cu(1 nm)/Ag(3nm) 


7.1% 



35 

As can be understood from Table 6, the MR ratios of the examples of the spin-valve device of the present invention 
(i.e., the samples F2 and F4) using a metal reflective layer are higher than those of the conventional examples of the 
spin-valve film (i.e., the samples F1 and F3). 

40 EXAMPLE 7 

Magnetoresistive device of the type shown in Figure 4B were fabricated on a water cooled glass substrate by the 
use of an RF magnetron sputtering apparatus using a hexad target in the same way as in Example 3. The MR ratios 
thereof were measured by the same method as that of Example 1 . The results are shown in the following Table 7 (where 
45 the composition of each alloy is represented by the atomic composition ratio of the target). 



[Table 7] 



No. 


Structure of Sample 


MR Ratio 


G1 


Fe 2 0 3 (50nm)/Co(5nm)/Cu(2.2nm)/Nio.3Coo.6 F eo.i(5nm) 


3.8% 


G2 


Fe 2 O 3 (50nm)/Co(5nm)/Cu(2.2nm)/Ni 0 3 Co 0 .6Fe 0 .i (5nm)/Ag(2nm) 


5.4% 


G3 


Fe 2 O 3 (50nm)/Co(5nm)/Cu(2.2nm)/Ni 0 3 Co 0 .6 F eo.i (5nm)/Cu(1 nm) 


3.1% 


G4 


Fe 2 0 3 (50nm)/Co(5nm)/Cu(2.2nm)/Nio.3Coo.6Feo.i(5nm)/Cu(1nm)/Ag(2nm) 


6.2% 


G5 


Fe 2 O 3 (50nm)/Co(5nm)/Cu(2.2nm)/Ni 0 3 Co 0 .6 F eo.i (2nm)/Cu(1 nm)/Ni 0 3 Co 06 Fe 0 -,(2 
nm)/Cu(1 nm)/Ag(2nm) 


6.0% 
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As can be understood from Table 7, the MR ratios of the examples of the spin-valve device of the present invention 
using a metal reflective layer (i.e., the samples G2, G4 and G5) are higher than those of the conventional examples of 
the spin-valve film (i.e., the samples G1 and G3). As compared with the sample G4, the sample G5 showed a substan- 
tially equal MR ratio, but the coercivrty of the soft magnetic layer of the sample G5 decreased from about 1 00 e to about 

5 50 e. By forming a soft magnetic layer of two or more layers which are stacked via a non-magnetic layer in this manner, 
the soft magnetic properties thereof can be improved and the magnetic field sensitivity can be increased. 

Next, MR heads of the type shown in Figure 6 were formed by using the samples G2 and G4 of the present inven- 
tion and the conventional sample G1 as the MR device portion 20 and the properties of the MR heads were evaluated. 
In this case, the substrate was made of AI 2 0 3 -TiC, the lower and the upper shields 10 and 15 were made of an 

10 Ni 0 . 8 Fe 0 2 aHoy, an Fe 2 0 3 f flm (about 50 nm) as an insulating film was used in common for the lower shield gap 1 1 with 
the device portion, the upper shield gap 14 was made of Al 2 0 3l the hard biasing portion 12 was made of a Co-Pt alloy 
and the lead portion 13 was made of Au. In addition, an anisotropy was determined such that the direction of the mag- 
netization-easy axis of the soft magnetic layer and that of the magnetization-easy axis of a magnetic layer which had 
received an exchange anisotropy from the anttferromagnetic layer respectively became vertical and parallel to the direc- 

15 tion of the signal magnetic field to be detected. 

In this method, when a magnetic layer was deposited, a magnetic field was applied by a permanent magnet to the 
direction within the film to which an anisotropy was desirably applied. When the outputs of these MR heads were meas- 
ured by applying an AC signal magnetic field of about 200 e to these heads, the outputs of the MR heads of the present 
invention (i.e., the samples G2 and G4) were higher than that of a conventional MR head using the sample G1 by about 

20 30% and about 45%, respectively. 



EXAMPLE 8 

Magnetoresistive devices of the type shown in Figure 5 were fabricated on a water cooled glass substrate by the 
25 use of an RF magnetron sputtering apparatus using a hexad target. The MR ratios thereof were measured by the same 
method as that of Example 1 . The results are shown in the following Table 8 (where the composition of each alloy is 
represented by the atomic composition ratio of the target). 



[Table 8] 



No. 


Structure of Sample 


MR Ratio 


HI 


Fe 2 O 3 (50nm)/Ni 0 8 Fe 0 .2(4nm)/Cu(2nm)/Ni 0 8 Feo.2(6nm)/Cu(2nm)/Ni 0 8 Feo. 2 (5n 
m)/lr 0 2 Mn 0 8 (8nm) 


5.5% 


H2 


Fe 2 O 3 (50nm)/Ni 0 8 Fe 0 . 2 (4nm)/Cu(2nm)/Ni 0 8 Feo.2(5nm)/Cu(2nm)/Ni 0 8 Feo. 2 (5n 
m)/lr 0 2 Mn 0 . 8 (8nm)/Ag(3nm) 


7.5% 


H3 


Fe 2 O 3 (50nm)/Ni 0 8 Fe 0 . 2 (4nm)/Cu(2nm)/Ni o 8 Feo. 2 (6nm)/Cu(2nm)/Ni 0 8 Fe 02 (5n 
m)/lr 02 Mn 08 (8nm)/Cu(1 nm) 


4.1% 


H4 


Fe 2 O 3 (50nm)/Ni 0 8 Fe 02 (4nm)/Cu(2nm)/Ni 0 8 Feo. 2 (6nm)/Cu(2nm)/Ni 0 8 Feo 2 (5n 
m)/lr 02 Mn 08 (8nm)/Cu(1nm)/Ag(3nm) 


9.0% 


H5 


Fe 2 O 3 (50nm)/Ni 0 8 Fe 0 . 2 (4nm)/Cu(2nm)/Ni 0 8 Feo. 2 (1.5nm)/Cu(0.8nm)/Ni 0 8 Fe 02 
(1 .5nm)/Cu(0.8nm)/Ni 0 8 Fe 0 . 2 (1 .5nm)/Cu(2nm)/Ni 0 . 8 Feo 2 (5nm)/lr 0 . 2 Mn 0 8 (8nm)/ 
Cu(1nm)/Ag(2nm) 


9.2% 



As can be understood from Table 8, the MR ratios of the examples of the spin-valve device of the present invention 
using a metal reflective layer (i.e., the samples H2, H4 and H5) are higher than those of the conventional examples of 
the spin-valve film (i.e., the samples H1 and K3). As compared with the sample H4, the sample H5 showed a substan- 

so tially equal MR ratio, but the coercivrty of the soft magnetic layer of the sample H5 decreased from about 90 e to about 
30 e. By forming a soft magnetic layer of two or more layers which are stacked via a non-magnetic layer in this manner, 
the soft magnetic properties thereof can be improved and the magnetic field sensitivity can be increased. 

Next, MR heads of the type shown in Figure 6 were formed by using the samples H2 and H4 of the present inven- 
tion and the conventional sample H1 as the MR device portion 20 and the properties of the MR heads were evaluated. 

55 In this case, the substrate was made of AI 2 0 3 -TiC, the lower and the upper shields 10 and 15 were made of an 
Ni 0 8 Fe 05 alloy, an Fe 2 0 3 film (about 50 nm) as an insulating film was used in common for the lower shield gap 1 1 with 
the device portion, the upper shield gap 14 was made of Al 2 0 3 , the hard biasing portion 1 2 was made of a Co-Pt alloy 
and the lead portion 13 was made of Au. 



16 



RNisnorin <fp ora^rpdap i > 



i 



EP0 845 820 A2 



10 



15 



20 



25 



30 



35 



40 



45 



50 



In addition, an anisotropy was determined such that the direction of the magnetization easy axis of the soft mag- 
netic layer and that of the magnetization easy axis of a magnetic layer which had received an exchange anisotropy from 
the antiferromagnetic layer respectively became vertical and parallel to the direction of the signal magnetic field to be 
detected. 

In this method, when a magnetic layer was deposited, a magnetic field was applied by a permanent magnet to the 
direction within the film to which an anisotropy was desirably applied. When the outputs of these MR heads were meas- 
ured by applying an AC signal magnetic field of about 200 e to these heads, the outputs of the MR heads of the present 
invention (i.e., the samples H2 and H4) were higher than that of a conventional MR head using the sample H1 by about 
30% and about 70%, respectively. 

EXAMPLE 9 

An a-Fe 2 0 3 film was formed to be about 100 nm thick on a sapphire (1 1-20) substrate by an rf sputtering method. 
Thereafter, the sample was transferred to a ultrahigh vacuum evaporation apparatus and was analyzed by the RHEED. 
As a result, it was found that the a-Fe 2 0 3 film had been epitaxially grown in the same orientation as that of the sub- 
strate. Next, films made of Co, Cu, Ni-Fe, Cu and Ag were fabricated within the ultrahigh vacuum evaporation appara- 
tus, and the MR properties thereof were evaluated by the same method as that of Example 1 . The results are shown in 
the following Table 9. 



[Table 9] 



No. 


Structure of Sample 


MR Ratio 


11 


Fe 2 0 3 (1 00nm)7Co(3nm)/Cu(2nm)/Ni 0 8 Fe 0 ^(Snm) 


5.1% 


12 


Fe 2 O 3 (100nm)yCo{3nm)/Cu(2nm)/Ni 08 Fe 0 2(5nm)/Ag(3nm) 


7.3% 


13 


Fe 2 0 3 { 1 00nm)/Co(3nm)/Cu(2nm)/Ni 0 .8Fe 0 2(5nm)/Cu( 1 nm) 


3.4% 


14 


Fe 2 0 3 (100nm)/Co(3nm)/Cu(2nm)/Nio. 8 Feo5(5nm)/Cu(1nm)/Ag(3nm) 


9.2% 


15 


Fe 2 0 3 (1 00nm)/Co(3nm)/Cu(2nmyNi 0 8 Fe 0 2(5nm)/Co(0.6nm)/Cu(1 nm)/Ag(3nm) 


11.1% 


16 


Fe 2 0 3 (1 00nm)/Co(3nm)/Cu(2nm)/Co(0.6nm)/Ni 0 . 8 Fe 0 .2(5nm)/Co(0.6nm)/Cu(1 nm)/Ag (3nm) 


12.1% 


17 


Fe 2 0 3 (1 OOnm)/Co(3nm)/Cu(2nm)/Nio.8Fe 0 . 2 (5nm)/Co(0.6nm)/Cu(1 nm) 


3.3% 



As can be understood from Table 9, the MR ratios of the examples of the spin-valve device of the present invention 
using a metal reflective layer (i.e., the samples 12 and 14) are higher than those of the conventional examples of the spin- 
valve film (i.e., the samples 11 and 13). In addition, it is also clear from the results of the examples of the present inven- 
tion (i.e., the samples 15 and 16) that the MR ratio is further increased by inserting an interface magnetic layer made of 
Co between a non-magnetic layer and a magnetic layer. On the other hand, in the conventional example (i.e., the sam- 
ple 17), the MR ratio is hardly changed as compared with the sample 13. This is presumably because the spin-depend- 
ent scattering is hardly increased in the Co/Cu interface since the specular scattering of electrons is hardly generated 
on the surface of Cu. 

In the examples of the present invention (i.e., the samples 15 and 16), the interface magnetic layer is assumed to be 
made of Co. However, the same effects can be attained even by the use of a Co-rich Co-Fe alloy. 

EXAMPLE 10 

An a-Fe 2 0 3 film was epitaxially grown to be about 50 nm thick on a sapphire (1 1 -20) substrate by an rf sputtering 
method in the same way as in Example 9. Next, films made of Co, Cu, Ni-Fe, Cu, Ag and Ir-Mn were fabricated by the 
same rf sputtering method, and the MR properties thereof were evaluated by the same method as that of Example 1 . 
The results are shown in the following Table 10. 



[Table 10] 



No. 


Structure of Sample 


MR Ratio 


J1 


Fe 2 03(50nm)/Co(4nm)/Cu(2nm)/Nio.eFeo. 2 (6nm)/Cu(2nm)/Co(5nm)/lr 0 . 2 Mn 0 8 (8nm) 


5.8% 
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(Table 10] (continued) 



No. 


Structure of Sample 


MR Ratio 


J2 


Fe 2 O 3 (50nm)/Co(4nm)/Cu(2nm)/Ni 0 8 Fe 0 .2(6nm)/Cu(2nm)/Co(5nm)/lr 0 2 Mn 0 8 (8nm)/Ag(3nm) 


8.2% 


J3 


Fe 2 O3(50nm)/Co(4nm)/Cu(2nm)/Ni 0 .8Fe 0 .2(6nmy^ 
(8nm)/Cu(1.5nm) 


4.9% 


J4 


Fe 2 O 3 (50nm)/Co(4nm)/Cu(2nm)/Ni 0 8 Fe 0 2 (6nm)/Cu(2nm)/Co(5nm)/lr 0 2 Mn 0 8 
(8nm)/Cu(1.5nm)/Ag(3nm) 


10.3% 



10 

As can be understood from Table 10, the MR ratios of the examples of the spin-valve device of the present invention 
using a metal reflective layer (i.e., the samples J2 and J4) are higher than those of the conventional examples of the 
spin-valve ffim (i.e., the samples J1 and J3). 

As is apparent from the foregoing description, the spin-valve type magnetoresistive device of the present invention 
is can obtain a larger MR ratio than that attained by a conventional spin-valve type magnetoresistive device. Thus, if the 
magnetoresistive device of the present invention is used for an MR head, a larger reproduction output can be obtained. 

Various other modif ications will be apparent to and can be readily made by those skilled in the art without departing 
from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims appended hereto 
be limited to the description as set forth herein, but rather that the claims be broadly construed. 

20 

Claims 

1 . A magnetoresistive device comprising: 

25 at least two magnetic layers stacked via a non-magnetic layer therebetween; and 

a metal reflective layer of conduction electrons formed so as to be in contact with at least one of outermost two 
layers of the magnetic layers, the metal reflective layer being in contact with one surface of the outermost mag- 
netic layer which is opposite to the other surface of the outermost magnetic layer in contact with the non-mag- 
netic layer, the metal reflective layer being likely to reflect conduction electrons while maintaining a spin 

30 direction of the electrons. 

2. A magnetoresistive device according to claim 1 , further comprising a non-magnetic layer between the metal reflec- 
tive layer and the magnetic layer. 

35 3. A magnetoresistive device according to claim 2, wherein the non-magnetic layers are mainly composed of Cu, and 
the metal reflective layer is mainly composed of at least one of Ag, Au, Bi, Sn and Pb. 

4. A magnetoresistive device according to claim 2, wherein the magnetic layer in contact with the metal reflective layer 
via the non-magnetic layer is mainly composed of Co or a Co-rich Co-Fe alloy. 

40 

5. A magnetoresistive device according to claim 2, wherein the magnetic layer includes at least two layers of a mag- 
. netic layer and an interface magnetic layer which is mainly composed of Co or a Co-rich Co-Fe alloy, the interface 

magnetic layer being in contact with the metal reflective layer via the non-magnetic layer. 

45 6. A magnetoresistive device according to claim 2, wherein the magnetic layer in contact with the metal reflective layer 
via the non-magnetic layer includes at least two interface magnetic layers which sandwich a soft magnetic layer 
therebetween and are mainly composed of Co or a Co-rich Co-Fe alloy. 

7. A magnetoresistive device according to claim 1 , wherein the metal reflective layer has a smooth surface. 

so 

8. A magnetoresistive device according to claim 7, wherein at least a part of the surface of the metal reflective layer 
is smooth on the order of tenths of a nm. 

9. A magnetoresistive device according to claim 8, wherein at least 10% of the surface of the metal reflective layer is 
55 a smooth surface having an unevenness of about 0.3 nm or less. 

10. A magnetoresistive device according to claim 1 , wherein the non-magnetic layer is mainly composed of Cu, and the 
metal reflective layer is mainly composed of at least one of Ag, Au. Bi, Sn and Pb. 
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1 1 . A magnetoresistive device according to claim 1 , wherein the magnetic layer directly in contact with the metal reflec- 
tive layer is mainly composed of Co or a Co-rich Co-Fe alloy. 

12. A magnetoresistive device according to claim 1, wherein the magnetic layer includes at least two layers of a mag- 
5 netic layer and an interface magnetic layer which is mainly composed of Co or a Co-rich Co-Fe alloy, the interface 

magnetic layer being directly in contact with the metal reflective layer. 

1 3. A magnetoresistive device according to claim 1 , wherein the magnetic layer directly in contact with the metal reflec- 
tive layer includes at least two interface magnetic layers which sandwich a soft magnetic layer therebetween and 

to are mainly composed of Co or a Co-rich Co-Fe alloy. 

14. A magnetoresistive device according to claim 1 , wherein at least one of the at least two magnetic layers has a dif- 
ferent coercivity from a coercivity of the other magnetic layer(s). 

75 1 5. A magnetoresistive device according to claim 1 , comprising: a first and a second magnetic layer which are stacked 
via a non-magnetic layer; an antrferromagnetic layer formed in contact with a surface of the first magnetic layer 
which is opposite to the other surface of the first magnetic layer in contact with the non-magnetic layer; and a metal 
reflective layer formed in contact with a surface of the second magnetic layer which is opposite to the other surface 
of the second magnetic layer in contact with the non-magnetic layer. 

20 

16. A magnetoresistive device according to claim 15, further comprising a non-magnetic layer between the metal 
reflective layer and the magnetic layer. 

17. A magnetoresistive device according to claim 15, wherein the antrferromagnetic layer is an oxide. 

25 

18. A magnetoresistive device according to claim 15. wherein the antrferromagnetic layer is made of Ni-O. 

19. A magnetoresistive device according to claim 15, wherein the antrferromagnetic layer is made of a-Fe 2 0 3 . 

30 20. A magnetoresistive device according to claim 15, wherein the second magnetic layer includes two or more mag- 
netic layers which are stacked via a non-magnetic layer. 

21. A magnetoresistive device according to claim 15, wherein the antiferromagnetic layer is epitaxially grown over a 
substrate. 

35 

22. A magnetoresistive device according to claim 1 , comprising a structure in which a first magnetic layer, the non-mag- 
netic layer, a second magnetic layer, an antiferromagnetic layer and the metal reflective layer are stacked in this 
order. 

40 23. A magnetoresistive device according to claim 22, further comprising a non-magnetic layer between the antiferro- 
magnetic layer and the metal reflective layer. 

24. A magnetoresistive device according to claim 23, wherein the antiferromagnetic layer is made of an Ir-Mn alloy. 

45 25. A magnetoresistive device according to claim 22, wherein the antiferromagnetic layer is made of an Ir-Mn alloy. 

26. A magnetoresistive device according to claim 1, comprising a structure in which a first antiferromagnetic layer, a 
magnetic layer, a non-magnetic layer, a soft magnetic layer, a non-magnetic layer, a magnetic layer, a second anti- 
ferromagnetic layer and a metal reflective layer are stacked in this order directly on a substrate or over the substrate 

so via an underlying layer. 

27. A magnetoresistive device according to claim 26, further comprising a non-magnetic layer between the second 
antiferromagnetic layer and the metal reflective layer. 

55 28. A magnetoresistive device according to claim 27, wherein the second antrferromagnetic layer is made of an Ir-Mn 
alloy. 

29. A magnetoresistive device according to claim 26, wherein the first antiferromagnetic layer is an oxide. 
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30. A magnetoresistive device according to claim 26, wherein the first antiferromagnetic layer is made of Ni-O, 

31. A magnetoresistive device according to claim 26. wherein the soft magnetic layer includes two or more magnetic 
layers which are stacked via a non-magnetic layer 

32. A magnetoresistive device according to claim 30, wherein at least one of the first and the second antiferromagnetic 
layers is made of an Ir-Mn alloy. 

33. A magnetoresistive device according to claim 26, wherein the first antiferromagnetic layer is made of a-FesC^. 

10 

34. A magnetoresistive device according to claim 33, wherein the first antiferromagnetic layer is epitaxially grown over 
the substrate. 

35. A magnetoresistive device according to claim 26, wherein the second antiferromagnetic layers are made of an Ir- 
15 Mn alloy. 

36. A magnetoresistive device according to claim 1 , comprising a structure in which a metal reflective layer, a first anti- 
ferromagnetic layer, a magnetic layer, a non-magnetic layer, a soft magnetic layer, a non-magnetic layer, a magnetic 
layer, a second antiferromagnetic layer and a metal reflective layer are stacked in this order directly on a substrate 

20 or over the substrate via an underlying layer, 

37. A magnetoresistive device according to claim 36, further comprising a non-magnetic layer between the first antifer- 
romagnetic layer and the metal reflective layer and/or between the second antiferromagnetic layer and the metal 
reflective layer. 

25 

38. A magnetoresistive device according to claim 1 , wherein the non-magnetic layer is epitaxially grown over the sub- 
strate. 

39. A magnetoresistive device according to claim 38, wherein a (100) plane of the non-magnetic layer is epitaxially 
30 grown vertically to a growth direction of thin films. 

40. A magnetoresistive device according to claim 39, wherein the non-magnetic layer is epitaxially grown over an MgO 
(100) substrate via a Pt underlying layer. 

35 41. A magnetoresistive head comprising: 

a magnetoresistive device including at least two magnetic layers which are stacked via a non-magnetic layer 
therebetween, and a metal reflective layer of conduction electrons formed so as to be in contact with at least 
one of outermost two layers of the magnetic layers, the metal reflective layer being in contact with a surface of 
40 the outermost magnetic layer which is opposite to the other surface of the outermost magnetic layer in contact 

with the non-magnetic layer, the metal reflective layer being likely to reflect conduction electrons while main- 
taining a spin direction of electrons; and 

a lead portion for supplying current to the magnetoresistive device, 

wherein a magnetization-easy axis of a magnetic layer having a smallest coercivity of the magneto- 
ns resistive device or a magnetization-easy axis of a magnetic layer not in contact with an antiferromagnetic layer 
is vertical to a direction of a signal magnetic field to be detected. 
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